Gait changes with unilateral and bilateral upper extremity loading by Rogers, Jennifer Lyn
Retrospective Theses and Dissertations Iowa State University Capstones, Theses and Dissertations 
1-1-2001 
Gait changes with unilateral and bilateral upper extremity loading 
Jennifer Lyn Rogers 
Iowa State University 
Follow this and additional works at: https://lib.dr.iastate.edu/rtd 
Recommended Citation 
Rogers, Jennifer Lyn, "Gait changes with unilateral and bilateral upper extremity loading" (2001). 
Retrospective Theses and Dissertations. 21492. 
https://lib.dr.iastate.edu/rtd/21492 
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Retrospective Theses 
and Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, 
please contact digirep@iastate.edu. 
Gait changes with unilateral and bilateral upper extremity loading 
by 
Jennifer Lyn Rogers 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTERS OF SCIENCE 
Major: Exercise & Sport Science (Biological Basis of Physical Activity) 
Major Professor: Dr. Scott McLean 





Iowa State University 
This is to certify that the Master's thesis of 
Jennifer Lyn Rogers 
has met the thesis requirements of Iowa State University 
Signatures have been redacted for privacy 
iii 
TABLE OF CONTENTS 
CHAPTER 1. INTRODUCTION ......................................................................................................................... 1 
Statement of the Purpose ................................................................................................................................... 3 
Hypotheses ......................................................................................................................................................... 3 
CHAPTER 2. LITERATURE REVIEW .............................................................................................................. 4 
Loads ................................................................................................................................................................. 4 
Symmetry ........................................................................................................................................................... 5 
Children ............................................................................................................................................................. 6 
Statistics of Farm Injuries .................................................................................................................................. 7 
Summary ............................................................................................................................................................ 8 
CHAPTER 3. METHODS .................................................................................................................................... 9 
Subjects .............................................................................................................................................................. 9 
Gait Measurements ............................................................................................................................................ 9 
Protocol. ........................................................................................................................................................... 16 
Statistical Analysis ........................................................................................................................................... 17 
CHAPTER 4. RESULTS .................................................................................................................................... 19 
Overground Walking ....................................................................................................................................... 19 
Treadmill Walking ........................................................................................................................................... 21 
CHAPTER 5. DISCUSSION .............................................................................................................................. 36 
CHAPTER 6. CONCLUSION ........................................................................................................................... 40 
APPENDIX A ...................................................................................................................................................... 41 
1 
CHAPTER 1. INTRODUCTION 
Load carriage is a type of manual materials handling that involves moving a load 
from one place to another without the aid of machinery. Manual load carriage is important in 
many local economies including farming, industry, and retail (Kinoshita, 1985). Some 
examples of load carriage include: carrying a suitcase between gates at the airport, carrying a 
toddler on their hip, carrying groceries to the car, restocking store shelves or moving a store 
display, moving a product in a warehouse, and carrying a bucket of feed to livestock. 
Performing such a task repeatedly can lead to overexertion causing soft tissue strains and 
sprains (NIOSH, 1996) or may introduce asymmetrical gait patterns, and abnormal postures, 
which increase the injury risk to the musculo-skeletal system (Straker, Stevenson, & 
Twomey, 1997). 
Load carriage gait is affected by weight and distribution of the load. A person 
carrying a load will lean to keep the center of gravity over the base of support when 
unilateral loads are added (Gordon, Goslin, Graham, and Hoare, 1983). In addition, as 
carriage load increased, step width decreased, and walking speed decreased (Orugo, 1982). 
These effects of asymmetrical load carriage may lead to injury (De Vita, Hong, and 
Hamill, 1991). Asymmetrical lifting has been shown to cause higher local stress to the spine 
and loaded limb (Garg, 1986). Specifically, as a lift becomes more asymmetrical, spine 
compression and lateral shear forces increase (Marras and Davis, 1998). However, 
Kromadihardjo and Mital ( 1987) found that for asymmetrical lifting lower loads are 
generally acceptable. Allread, Marras, and Parnianpour ( 1996) reported that 1-handed lifts 
resulted in a significantly higher ROM and that increasing asymmetry had more of an effect 
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than increasing the load (Allread, et al. 1996). School children are a group of individuals 
who may be more prone to long-term injury due to large, asymmetrical loads because of 
simple, everyday tasks. Carriage of backpacks on a single shoulder causes increased 
shoulder elevation and curvature of the spine (Pascoe, Pascoe, Wang, Shim, and Kim, 1997). 
Physical complaints recorded due to carriage of heavy bookbags have included muscle 
soreness, back pain, numbness, and shoulder pain prompting Pascoe, et al. ( 1997) to 
recommend that bookbag loads not exceed 10% of the child's total body weight. 
Container size is a factor that has received little attention with regard to its effect on 
load carriage gait. In most settings the containers used for load carriage and manual 
materials handling are designed with specific populations in mind. However, when a 
different population is presented with the task of moving these materials and loads, the 
potential for exaggerated gait changes and musculoskeletal loading exists. For example, 
when children working on farms are asked to move loads such as livestock feed, the 
containers are usually large buckets better designed for adults to move. This places the child 
at an increased risk of injury because the gait and postural adjustments necessary for moving 
this container must be exaggerated to overcome the larger relative dimensions of the 
container. 
Pilot data, from a single subject, suggested that asymmetrical carriage of a loaded 
container did result in observable changes in gait. Specifically, upper trunk and pelvic 
rotation (ROM) decreased, shoulder tilt increased, swing of the carriage arm decreased, and 
swing of the unloaded ( or free) arm increased. Step frequency (SF) increased slightly when 
carrying the load, but pelvic tilt, trunk lean, upper trunk rotation angular velocity, pelvic 
rotation angular velocity and left arm swing angular velocity were similar between the loaded 
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and unloaded conditions. The loads used in the pilot study represented approximately 10% 
and 20% of the subject's weight. (See Appendix A for detailed pilot data and graphs). 
Understanding the mechanics associated with different styles of load carriage, specifically 
with regard to symmetry and load magnitude, may offer useful information for developing 
recommendations. However, in addition to symmetry and load, container size may also 
influence the musculoskeletal loading in manual materials handling. 
Statement of the Purpose 
Repetitive carriage of relatively large loads, using techniques that introduce postural and gait 
changes can permanently damage the musculo-skeletal system. Therefore, the objective of 
this study is to investigate the effect of load (0%, 12.5%, & 25% body weight), symmetry 
(unilateral an bilateral carriage) and container size (1/2 gal and 5 gal bucket) on load carriage 
gait. 
Hypotheses 
1) Asymmetric distribution of the load will cause greater deviation in gait kinematics from 
normal walking gait. 
2) An increase in the magnitude of the load will cause greater changes in gait kinematics 
from normal walking gait. 
3) Use of a larger container will cause greater changes in gait kinematics from normal 
walking gait than use of a smaller container. 
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CHAPTER 2. LITERATURE REVIEW 
Loads 
Load carriage is affected by the weight of the load (% BW), the distribution of the 
load (symmetric or asymmetric), and the size of the container. To keep the center of gravity 
over the base of support, when loads are added, the subject must lean. All of the subjects in 
Gordon, Goslin, Graham, and Hoare (1983) demonstrated this tendency to lean. This was 
especially obvious during the carriage of heavier loads. At higher workloads mechanical 
efficiency in humans is reduced. Mechanical efficiency is defined as mechanical work 
output divided by metabolic work input. When loads exceed 40-45% of body weight, a 
disproportionate increase in energy cost is exhibited (Gordon, et al. 1983). There is a linear 
relationship between heart rate response and added loads; 0 2 and added loads; and rating of 
perceived exertion (RPE) and added loads. 
Orugo (1982), in his study of males performing in-arms carriage tasks at different 
weights, found that the weight of the load closely correlated with the width of foot placement 
during walking, time, and speed. As the load increased, walking width decreased, and 
walking speed decreased, therefore the time increased. There is little literature available on 
1-handed carries. Mital (1983) reported 1-handed task experiments resulted in localized 
fatigue. Snook (1978) found the maximum acceptable weight of a carry for males, at a 
carriage height of 79 cm from the floor, to be 30 kg for a frequency of 1 lift every minute. 
This height represents the approximate knuckle height of the male subjects. 
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Symmetry 
De Vita, et al. ( 1991) identified frontal plane load asymmetry a potential cause of 
injury in lifting movements, however, asymmetry in load carriage has not been well 
investigated. Asymmetry in loading causes higher local stress in the spine and loaded limb 
which leads to injury (Garg, 1986). As a lift becomes more asymmetrical spinal compression 
and lateral shear forces increase (Marras and Davis, 1998). Increasing asymmetric load 
positions cause increases in ROM, velocity and acceleration of trunk kinematics (Allread et 
al., 1996). 
De Vita, et al. ( 1991) studied males ( average of 25 years old) carrying a sidepack of 
0%, 10%, and 20% of bodyweight to find the frontal plane joint moments of force. Frontal 
plane kinetics were very sensitive to asymmetric load conditions. Effects of asymmetrical 
load carrying may lead to injury due to the lateral bending moment applied by the load. 
Neither symmetrical nor asymmetrical loads cause changes in basic gait descriptors in males 
for reasonable loads of about 20% of body weight or less. De Vita, et al. ( 1991) results 
suggest that asymmetric load carrying may have greater injury potential compared to 
symmetrical carrying techniques. It also suggests that symmetrical carrying systems should 
be employed when transporting loads of 20% body weight or more to avoid possible injury 
and that asymmetrical handling of loads of this magnitude should be avoided (De Vita, et al. 
1991). If this is not possible and a side carrying system is used, the load should be 
interchangeably carried on the right and left sides to distribute the unilateral load effects to 
both sides of the body. 
Nottrodt and Manley (1989) reported significantly greater maximum acceptable loads 
for 2 handed carriage than I -handed carriage methods. Asymmetrical loading causes a 
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significant increase in V02• Therefore, asymmetrical loading of the lower extremity 
negatively affects the energy cost (Martin, Royer, and Mattes, 1997). Martin, et al. (1997) 
found asymmetrical loading affected both swing time and stance times. During asymmetric 
loading, swing time increases with increasing loads (Royer, Martin, and Mattes, 1997). 
One-handed lifts increase the risk to low back pain (Allread, et al. 1996). Lower loads are 
acceptable for asymmetrical lifts (Kromodihardjo and Mital, 1987). Acceptable body weight 
percentages of symmetric and asymmetric load carriage for children should be lower than for 
adults. 
Children 
Carriage of backpacks on the right shoulder causes right shoulder elevation and a 
leftward curvature of the spine (Pascoe, Pascoe, Wang, Shim, and Kim, 1997). Carriage of a 
backpack on I -shoulder is significantly different than without book bag and carriage of a 
backpack on both shoulders carriage. A significant forward lean was exhibited during the 
17% of body weight carriage. Continual exposure to carriage of loads can promote damage 
due to imposed postural problems. Physical complaints due to heavy bookbag loads include 
muscle soreness, back pain, numbness, and shoulder pain. It was, therefore, recommended 
by Pascoe, et al. ( 1997) that the bookbag loads not exceed 10% of the child's total body 
weight. Carriage of the backpack on both shoulders is recommended to avoid the additional 
stress asymmetric loads put on the body. Children, also, often carry loads at home or on the 
farm. 
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Statistics of Farm Injuries 
Farm workers, particularly males, are clearly at risk for injury. Unfortunately, 
farming injuries are inadequately documented because these statistics often rely on self-
reports and physician documentation. 
The classification of injuries as related to farm work is difficult due to inconsistent 
self-reports and physician reports. Myers ( 1998) reported that of those surveyed 14.3% of 
males in the nation did not seek professional medical treatment after a farm related injury and 
17 .9% of those surveyed in the Midwest did not seek professional medical treatment after a 
farm-related injury. Previous research tends to focus on farm fatalities and traumatic injuries 
involving farm equipment and livestock. Therefore, agricultural injuries are not well 
documented as evident in the small number of farm injury statistical records (NIOSH, 1997 
and NIOSH, 1996). Farm injury statistics are difficult to find due to the lack of records, 
personal accounts, some are not reported, or treated by a physician. Pickett, Brison, 
Niezgoda, and Chipman (1995) reported a crude farm injury rate of 5.8 injuries per 100 
people for a year. This study listed overexertion as a common mechanism of injury and 
sprains and strains as common types of injury. 
Myers' (1998) national estimates of time lost farm injuries in 1994 indicate that 
91.5% of those injured were male. The age group of 20-29 year olds accounted for 10.8% of 
time lost injuries. Sprains and strains accounted for 21.1 % of the total nature of the injuries. 
Overexertion, which is often the cause of sprains and strains, accounted for 8.5% of the total 
of event types causing or leading to the injuries (Myers, 1998). 
Myers' (1998) survey data of national, regional and state estimates provide insight 
into farming injuries. All of Myers' data is reported as a percent of time lost agricultural 
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injuries, which is defined as an injury resulting in a half day or more of restricted activity 
(e.g. a person could not perform their normal work duties) and one that occurred while 
performing work on or associated with the farm. Myers' (1998) national statistics show 
males are by far the most injured (91.5% ), 20-29 years olds are a moderate risk (10.8% ), 
sprains and strains are very common (21.1 % ), and overexertion is a typical event leading to 
injury (8.5% ). In 1994, the Midwest accounted for 51.5% of all time lost injuries by region, 
the largest by far. In the Midwest, males accounted for 95% of injuries during this time. 
Sprains and strains were the nature of 21.1 % and overexertion the cause of 6.6% of all time 
lost injuries in the Midwest in 1994. Myers ( 1997) reported that in Iowa in 1993 sprains and 
strains were the most common injury (26.7%), while overexertion accounted for 10.3% of all 
lost time injuries. Many of these injuries occur during load carriage of heavy loads were the 
biomechanical efficiency is low. 
Summary 
Load carriage is a common manual materials handling task. Load distribution and 
symmetry lead to changes in gait, which have been suggested to lead to injuries. It is 
speculated that asymmetric loads exceeding 20% of BW for adults are harmful. The effects 
of container size on load carriage gait, although pertinent, have not been studied. A 
systematic study describing the effects of magnitude and distribution of load, and container 
size on load carriage gait would provide a necessary foundation for better understanding the 
basic adjustments made in load carriage gait and therefore provide a better basis for 
speculating about the injury potential of load carriage gait. 
9 
CHAPTER 3. METHODS 
Subjects 
Ten right-handed college age males (182.5 ±_6.2 cm, 82.9 ± 14.3, and 21.9 ± 1.7 
years) volunteered for this study and provided informed consent to participate as approved by 
the Institutional Review Board of Iowa State University prior to beginning the project. This 
age group was chosen to maximize experimental control. Specifically, age, musculoskeletal 
development, gender, and handedness were controlled. 
Gait Measurements 
To collect preferred gait characteristics data, subjects walked through a 25-meter over 
ground walkway at a constant self-selected speed for each of nine conditions (see Table 1). 
Walking time and number of steps ( a step was defined between subsequent heel contacts of 
contra-lateral feet) for each trial were used to calculate step rate (SR) preferred speed (S), and 
step length (SL) under each load condition. 
25m S=-----
walking time 
SR= number of steps 
walking time 
25m SL=-----




Additional kinematic data were collected with the subject walking with preferred gait 
characteristics on a treadmill. This permitted collection of multiple consecutive steps. Use 
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of a real time tracking system was used to further accommodate the large amount of data 
collected, however, this system did not identify heel contact well. Therefore, an alternative 
method of defining the gait cycle was used. Pilot data showed that the movement of the 
ankle marker (in the vertical direction) provided a repeatable marker of the gait cycle, which 
was used to define SR. Knowing treadmill speed and SR, SL was then calculated as 
Table 1. Description of Conditions 
Condition Mode Bucket size 
NRM 
ULO Unilateral Large 
UL12.5 Unilateral Large 
UL25 Unilateral Large 
USO Unilateral Small 
US12.5 Unilateral Small 
BO Bilateral 2-Small 
B12.5 Bilateral 2-Small 
B25 Bilateral 2-Small 
SL=_§__ 
SR 
* %BW does not include the bucket weight 
(4) 










Symmetry was evaluated using a symmetry index (SI) as described by Royer, et al. 
(1997). The SR symmetry index was calculated as 
SI _ t loaded - t unloaded SR - 1 
2 (tzoaded + tunloaded) 
using the duration (t) of steps for the loaded and unloaded sides of the body. The SL 
symmetry index was calculated as 
SI = d loaded - d unloaded 
SL ½ (d loaded + d unloaded ) 
(5) 
(6) 
using the length (d) of steps for the loaded and unloaded sides of the body. Perfect symmetry 
in these measures was reflected by a SI equal to zero. 
Gait changes were assessed in the following variables: arm swing (right and left), 
trunk lean, pelvic tilt, shoulder tilt, upper trunk rotation, and pelvic rotation. These variables 
were defined using markers placed on the subject to define the arm segment, trunk, bi-iliac 
segment ( defined as the segment connecting the markers on the right and left anterior 
superior iliac spines), and bi-acromial segment ( defined as the segment connecting the 







Figure 2. Marker placement and location. 
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Table 2. Location of Markers 
Segment Proximal/Right Definition Distal/Left Definition 
Arm Acromion Most lateral Stylion Distal tip of the 
point on the styloid process 
lateral margin of of the radius 
the acromial 
process of the 
scapula 
Trunk mid-shoulder mid-point of the mid-hip mid-point of the 
bi-acromial segment 
segment connecting the 
right and left hip 
markers 
Bi-iliac Right ASIS Most anterior Left ASIS Most anterior 
superior point superior point 
on the iliac on the iliac 
spine spme 
Bi-acromial Right Acromion Most lateral Left Acromion Most lateral 
point on the point on the 
lateral margin of lateral margin of 
the acromial the acromial 
process of the process of the 
sca2ula sca2ula 
Note: Definitions of acromion, stylion, and ASIS from de Leva (1996). 
Free arm swing was defined by the measurement of the range of motion of the arm 
segment (see Figure 3). Trunk lean was defined as a sagittal lean by the angle that the trunk 
segment made with a vertical reference in a frontal plane (see Figure 4 ). Trunk lean was 
measured as a side-to-side motion, instead of a front to back motion as in other studies, 
because subjects were loaded laterally. Also, during the pilot study no visual forward lean of 
the trunk was observed. Shoulder tilt was defined as the angle the bi-acromial segment made 
with a right horizontal reference in the frontal plane (see Figure 4). Pelvic tilt was defined as 
the angle the bi-iliac segment made with a right horizontal reference in the frontal plane (see 
Figure 4). For both shoulder tilt and pelvic tilt, 180° was subtracted from the angles so that 
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the anatomical or neutral position would be zero. A positive tilt angle (both shoulder and 
pelvic) was defined as elevating the right side and a negative tilt angle was defined as 
elevating the left side. 
e arm swing 
Figure 3. Represents the arm segment and the 
measurement of arm swing 
e trunk lean 
e pelvic tilt ·----
Figure 4. Represents trunk lean and 
shoulder and pelvic tilt. 
Upper-trunk rotation was defined as the angle the bi-acromial segment made with a 
right horizontal reference in the transverse plane (see Figure 5). Pelvic rotations were 
defined as the angle the bi-iliac segment made with a right horizontal reference in the 
transverse plane (see Figure 5). Both upper trunk rotation and pelvic rotation angles were 
defined so that the anatomical or neutral position would be zero. Right rotations were 
defined as the right shoulder or hip moving forward from the neutral position and left 
rotation was defined as the left shoulder of hip moving forward form the neutral position. 
15 
•- -- -~ upper trunk rotation ~pelvic rotation 
Figure 5. Definition of upper trunk and pelvic rotation angles. 
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Equipment 
A 4-camera Peak Motus Real Time System was used to collect, digitize, and analyze 
the data. Cameras were positioned to capture movement of the markers throughout the 
walking cycle ( see Figure 6). 
UL UL 
N UL 
Figure 6. Camera set up. C = cameras; T = treadmill; CS = computer system. 
Protocol 
An initial session was used to gather anthropometric data, preferred gait 
characteristics and to accommodate the subject to the experimental set up (i.e., treadmill). 
Each subject was familiarized with a Quinton treadmill (Quinton Instruments, Seattle, 
Washington) by walking on the treadmill at three different speeds and bucket conditions for 
two minutes each. The three conditions chosen to familiarize the subject were the heaviest of 
each bucket condition (UL25, US 12.5, and B25). There three were chosen to see if the 
subject could handle that amount of load on the treadmill. 
The second session was used to collect kinematic data under controlled walking 
conditions on the treadmill at the speeds calculated from first session. The subjects were 
allowed to warm up prior to beginning treadmill testing. Retroreflective markers were placed 
on the subject at the points, which are to be digitized (Figure 2 and Table 2). The subject 
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stood on the treadmill. Cameras were then positioned to view all landmarks. The subject 
was removed from the treadmill while the cameras were calibrated. A standard or normal 
position for each subject was collected by having each subject stand on the treadmill and 
recording a static trial. 
Each subject completed one 30 second trial for each of ten condition speeds ( as 
determined from overground walking). Only ten seconds of the trial were recorded and later 
reduced to include only five strides, which were analyzed. All ten conditions were presented 
randomly with a minimum of two minutes rest between trials. There were three load 
dependent speeds (0%, 12.5%, & 25% of BW) and three-bucket conditions (unilateral-small 
bucket, ULS; unilateral-large bucket, ULL; & bilateral small, BLS). The pilot results and the 
literature suggested that changes are best observed when the load is greater than 20% BW. 
Statistical Analysis 
The data, consisted of SL, SF, speed, SL and SF symmetry indices, right and left arm 
swing, trunk lean, upper trunk rotation, pelvic rotation, pelvic and shoulder tilt. All of the 
angular data were evaluated by comparing the range of motion extremes. For example, right 
arm swing was assessed by the amount of forward and backward swing by identifying the 
maximum and minimum values of the right arm angle. 
An initial comparison was made between all walking conditions using a two-way 
(condition x angle limit) repeated measures ANOVA where condition represented each of the 
nine loading conditions and angle limit represented the angles defining the range of motion 
limits. All loaded conditions were then compared to normal, unloaded walking using post-
hoc individual mean comparisons evaluated using the LSD technique. 
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Subsequent analyses were made of subsets of the data to evaluate the effect of load, 
distribution of load and container size. The effect of magnitude of load was evaluated by 
comparing the unilateral large bucket trials at 0%, 12.5% and 25% BW using a two-way 
(load x angle limit) repeated measures ANOV A. The effect of load distribution was made 
with a three-way (condition x load x angle limit) repeated measures ANOV A using the 
small-bucket trials with 0% and 12.5% BW loads in the unilateral and bilateral conditions. 
The effect of container size was made with a three-way (container x load x angle limit) 
repeated measures ANOVA using the unilateral trials with 0% and 12.5% BW loads with the 
large and small containers. 
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CHAPTER 4. RESULTS 
To increase the readability of the results section, the 0% BW load will be referred to 
as the null load, the 12.5%BW load as the moderate load, and the 25% BW load as the heavy 
load. 
Overground Walking 
Step length, step rate, and preferred speed were calculated from data collected during 
the overground trials. Speed tended to be inversely related to carrying load (see Figure 7). 
The only significant decrease in speed from normal walking was observed when carrying 
heavy load in a single large container. The changes in speed appeared to be due primarily to 
changes in step length and not step rate (see Figures 8 and 9). 
1.40 
1.20 









Nrm ULO UL12.5 UL25 
Figure 7. Represents Overground Speed 
USO US12.5 
Condition 
a. denotes significant difference from NRM (normal walking) 
p<.05 





,-... s 0.60 '-" 
,f3 0.50 OJ) 
~ 
~ 0.40 ,--4 
~ 





Nrm ULO UL12.5 UL25 USO US12.5 BO B 12.5 B25 
Condition 
Figure 8. Represents Overground Step Length 
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Figure 9. Represents Overground Step Rate 
b. denotes significant (p<.05) difference from NRM (normal walking) 
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When compared to normal unloaded walking, step length decreased by 7.3% when 
carrying the single large container, 4.9% when carrying a single small container, and 3.7% 
when carrying two small containers as weight increased (see Figure 8 ). Specifically step 
length was significantly lower when carrying moderate and heavy loads in the single large 
container, moderate load in the single small container, and moderate in each of two small 
containers. 
There was a tendency for step rate to increase as load increased; however it was not a 
significant increase. Step rate increased by 1.6% when carrying the large container, 0.5% 
when carrying the single small container, and decreased by 1.1 % when carrying two small 
containers (see Figure 9). This supported the idea that changes in speed were due to changes 
in step length, not step rate. 
Treadmill Walking 
Symmetry of the gait cycle was evaluated using left and right step characteristics. 
Specifically, steps were defined from a right foot contact to a left foot contact and a left foot 
contact to a right foot contact. Symmetry was assessed using temporal and translational 
variables. Neither the average symmetry index of step rate nor the average symmetry index 
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Figure 11. Symmetry Index of step length. 
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Amount of body lean was assessed using shoulder tilt, pelvic tilt, and, trunk lean. 
There was a tendency to increase right shoulder tilt and decrease left shoulder tilt as load 
increased. Specifically, right shoulder tilt was significantly greater when carrying moderate 
and heavy loads (UL12.5 and UL25) from normal walking (NRM) when carrying the larger 
container (i.e., the subject's right shoulder was raised), however, left shoulder tilt showed no 
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Figure 12. Shoulder Tilt Means 
• Left 
•Right 
a. denotes significant (p<.05) difference from NRM (normal walking) for 
right tilt 
b. denotes significant (p<.05) difference from NRM for left tilt 
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Left pelvic tilt (i.e., the raised left hip) decreased with increasing load and was 
significantly different from normal walking when carrying the large container with both the 
moderate and large load, the single small container with the moderate load, and two small 
containers with the large load (i.e., 12.5% BW in each container) (UL12.5, UL25 , US 12.5, 
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Figure 13. Pel vie Tilt Means 
•Left 
Ill Right 
a. denotes significant (p<.05) difference from NRM (normal walking) for right tilt 
b. denotes significant (p<.05) difference from NRM for left tilt 
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The trunk tended to lean more to the left with an increase in load. These changes 
were significant when using the large container with the moderate and heavy load and when 
using the two small containers with a moderate load in each container (UL12.5, UL25, and 
B25) (see Figure 14). When compared with normal unloaded walking, the midpoint of the 
trunk lean ROM decreased by 65.8% (a change of less than 1 °) when carrying a single large 
bucket with a moderate load, 156.6% (a change of 1.6°) when carrying a single large bucket 
with a heavy load, and 42% (a change of - 1 °) when carrying two small containers with a 
moderate load in each container. When compared with normal unloaded walking, the total 
range of motion in trunk lean changed little, +15.2% (a change of 0.7°) when carrying a 
single large bucket with a moderate load,+ 16.6% (a change of 0.7°) when carrying a single 
large bucket with a heavy load, and no change when carrying two small containers with a 
moderate load in each container. These data suggest that although the total motion of the 
trunk did not change, that the trunk was shifting about a midpoint that deviated further from 
the neutral or vertical orientation suggesting that the subject was leaning more during the 
loaded conditions. 
Because the carriage of a load constrained the arm or arms carrying the load, 
alterations in the rotational characteristics of the trunk and arm were expected. Upper trunk 
rotations and pelvic rotations were not significantly changed and no clear trend in changes 
was observed (see Figures 15 and 16). The carriage of up to 25%BW did not produce any 
significant changes in trunk rotations (both upper and pelvic rotations). Furthermore, no 
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Figure 15. Upper Trunk Rotation Means 
a. denotes significant (p<.05) difference from NRM (normal walking) for 
right rotation 
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Figure 16. Pelvic Rotation Means 
a. denotes significant (p<.05) difference from NRM (normal walking) for 
right rotation 




Constraints imposed by load carriage did significantly affect arm swing. The right 
arm was loaded in all conditions, and was therefore expected to differ from normal unloaded 
walking. The right arm increased peak hyperextension with an increase load (see Figure 17). 
Right arm flexion was significantly reduced for all conditions. These changes suggested that 
the arm was held more stationary and that heavier loads tended to be carried more behind that 
body. 
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Figure 17. Right Arm Means. 
a. denotes significant (p<.05) difference from NRM (normal walking) for flexion 
b. denotes significant (p<.05) difference from NRM for extension 
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Because the left arm was not loaded for the single container conditions; fewer changes from 
normal walking were anticipated (see Figure 18). However, the amount of arm swing in the 
left arm tended to decrease as load increased in unilateral load carriage. During bilateral load 
carriage the left arm behaved similar to the right arm as expected. 
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Figure 18. Left Arm Means. 
a. denotes significant (p<.05) difference from NRM (normal walking) for 
flexion 
b. denotes significant (p<.05) difference from NRM for extension 
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The effect of increasing load was assessed by comparing gait characteristics when 
carrying the large container in the right hand with 0%, 12.5% and 25% BW in the container 
(see Figure 19). Left arm swing, pelvic rotation, shoulder rotation, pelvic tilt, and shoulder 
tilt did not significantly change when load increased from 0% to 25% BW. But some 
patterns of change were noted. The left arm tended to swing more behind the body (i.e., 
increased hyperextension of the left shoulder) as the load increased. The pelvis tended to tilt 
less to the left with an increase in load. With an increase in load the shoulders had a 
tendency to tilt more to the right and less to the left (more away from the load and less 
toward the load). Two variables that were significantly effected by the increase in load were 
right (loaded) arm swing and trunk lean. As load increased, the right arm swung behind the 
body (i.e., the right shoulder remained in a more hyperextend position) and the trunk leaned 
more to the left ( or away from the load) as load increased. 
The effect of load distribution was assessed by comparing the unilateral and bilateral 
small container conditions at the null and moderate loads (see Figure 20). Right arm swing, 
pelvic rotation, shoulder rotation, pelvic tilt, shoulder tilt, and trunk lean were not effected by 
distributing a similar load unilaterally or bilaterally. The right arm swung more forward and 
less behind the body in the bilateral condition. The upper trunk became more horizontal (i.e., 
decreased right tilt and an increased left tilt) when carrying a load bilaterally as compared to 
the unilateral condition. Pelvic tilt appeared similar in both conditions. The pelvis tended to 
rotate less in the bilateral conditions than in the lateral conditions. The shoulder tended to 
rotate more to the left and less to the right from the unilateral to bilateral conditions. Trunk 
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Figure 19. Effects of the load on kinematic characteristics of load carriage gait. These 
comparisons were made using data from unilateral large bucket at 0%, 12.5%, and 25% of 
BW. 
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Figure 20. Effect of symmetry on kinematic characteristics of load carriage gait. These 
comparisons were made using data from unilateral and bilateral small buckets at 0% and 
12.5% BW. For comparisons in which symmetry significantly interacted with load, data are 
plotted separately for the 05 and 12.5% BW loads. 
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significantly different between unilateral and bilateral buckets, which was expected, as the 
left arm is unloaded in the unilateral conditions and loaded in the bilateral conditions. 
The effect of container size was assessed by comparing the unilateral large container 
and unilateral small container conditions at the null and moderate loads. Pelvic rotation was 
not significantly different between the large and small buckets but there was an interaction 
between container size and load. Pelvic rotation tended to be larger for the small bucket than 
the large bucket at the null load and smaller for the small bucket than the large bucket at the 
moderate load. Shoulder rotation was not affected by container size nor were pelvic tilt and 
shoulder tilt. Shoulder tilt ROM tended to shift to less of a right tilt and more of a left tilt 
with the smaller bucket. Trunk range of motion increased when container size decreased 
with no load but the opposite occurred when the container was loaded. Container size did 
not affect left arm swing (which was unloaded in the unilateral conditions). Right arm swing 
showed significant differences. For the null load, the smaller arm exhibited a greater forward 
swing, which was similar to normal walking. For the moderate load, there was not a forward 
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Figure 21. Effect of bucket size on kinematic characteristics of load carriage gait. These 
comparisons were made using data from the large and small buckets carried unilaterally at 
0% and 12.5% of BW. For comparisons in which load significantly interacted with bucket 
size, data are plotted separately for the 0% and 12.5% BW loads. 
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CHAPTER 5. DISCUSSION 
The purpose of this study was to investigate under what conditions (symmetry, load, 
and container size) would load carriage gait significantly change from normal walking gait 
and specifically which variables would exhibit the most change. Overall, the changes in load 
magnitude, load distribution, and container size were accommodated by changes in pelvic 
tilt, shoulder tilt, trunk lean, and left and right arm swing. Of these changes, it was assumed 
that increased trunk lean, shoulder tilt, and pelvic tilt would be indicative of a greater 
potential for injury. 
The data supported the hypothesized effect of load magnitude on load carriage gait 
kinematics. More importantly, load appeared to have the biggest effect on the gait 
characteristics. Right arm swing and trunk lean changed significantly with increases in load. 
Left arm swing, pelvic tilt, and shoulder tilt exhibited tends with increased loads. In 
unilateral loading, the right shoulder was elevated and the trunk leaned more to the left as 
load increased. This may have been an accommodation to bring the center of mass of the 
system (subject+ load) more in the middle of the base of support such that muscular 
accommodation of carrying the load was minimized. Pelvic tilt to the left decreased as load 
increased which could have been due to the load being carried close to the hips and limiting 
pelvic motion. Loaded arm swing range of motion for unilateral and bilateral conditions 
decreased and this arm remained more behind the subject throughout the range of motion 
(i.e., the shoulder remained more hyperextended). This decreased arm swing may have also 
been due to the subject trying to stabilize the load by bringing it closer to the body. Pelvic 
rotation in all loaded conditions tended to be lower than that observed in the normal walking 
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condition and it appeared to decrease more as load increased. Although these changes were 
not statistically significant, the trends may become significant if loads greater than 25% of 
BW were carried and more than ten subjects were studied. 
Load distribution was also tested because it was believed that distributing the load 
symmetrically on the body would reduce any adverse affects of carrying a heavy load. The 
data also supported this hypothesized effect of load distribution such that asymmetrical loads 
varied more from normal walking than bilateral loads. This suggested that symmetrical 
distribution of a load had positive effects on load carriage gait because the subjects did not 
lean or tilt as much. Furthermore, the positive effects of bilateral loading were not affected 
by the magnitude of the load. De Vita, et al. (1991) found that frontal plane kinetics were 
very sensitive to the asymmetrical load conditions. This study found that frontal plane 
kinematics, such as trunk lean, shoulder and pelvic tilt, were sensitive to asymmetrical load 
conditions. 
A third factor considered in load carriage gait was container size. It was 
hypothesized to affect load carriage gait because use of a larger container would necessarily 
place the load further from the body thus requiring greater alterations in posture and gait to 
bring the system center of mass over the base of support. The data supported this hypothesis. 
Trunk lean effects were mediated by load but at the heaviest load (12.5% BW) the smaller 
bucket allowed the subjects to use a smaller trunk lean range of motion. This was coupled 
with the observation that when using the large bucket the subject had to lean more at this 
heavier load. Similar observations were made for pelvic tilt and shoulder tilt. Furthermore, 
the large container with a 12.5% BW load was carried more behind the subject in a 
hyperextended position than the smaller bucket suggesting that the shoulder and possibly the 
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elbow joints may have experienced greater stress on the soft tissues supporting these 
structures. 
Collectively, these data suggest that when carrying loads up to 25% BW in a bucket 
container the best strategy is to use two small buckets and distribute the load equally in each 
bucket. This limits the lateral deviations (i.e., trunk lean and shoulder tilt) that may suggest 
increased loading on the spine. De Vita, et al. ( 1991) also suggested that the effects of 
asymmetrical load carriage may lead to injury due to the lateral bending moment applied to 
the musculoskeletal system, specially of the trunk, by the load. This also allows the gait to 
remain more similar to normal walking gait while not imposing severe restrictions of the 
amount of material that may be moved. This agrees with De Vita's statement that when 
transporting loads, symmetric carriage techniques should be employed to avoid possible 
injury (De Vita, et al. 1991). 
Although this study has provided a systematic investigation of several kinematic 
characteristics of load carriage gait, the study could and should be replicated while 
addressing the following experimental limitations: four camera real-time motion analysis 
system, between subject consistency in marker placement, lack of kinetic data, small subject 
number of a single age not necessarily representative of a population who would be at great 
risk of injury from load carriage. Specifically, the use of four cameras led to difficulty in 
viewing all markers for the entire trial. It is recommended that a minimum of six cameras be 
used such that three cameras can be set-up to capture each side of the body. Additional work 
should also be done to improve the between subject consistency in marker placement, 
particularly for acromion and iliac markers because these markers are used to determine 
trunk lean, shoulder tilt, pelvic tilt, shoulder rotation, and pelvic rotation. Another limitation 
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was that this study was a descriptive kinematic study thus limiting the ability to interpret the 
results with regard to the specific joint loadings. Future work should include a whole body 
kinetic analysis such that moments and forces at specific joints (e.g., shoulder, elbow, lower 
spine) could be evaluated for injury potential. 
Finally, this study only tested ten subjects from a population that should have had 
little difficulty moving the loads that they were asked to move. Future work should include 
more subjects from populations at a greater risk of injury from this task such as the use of 
children who work in an agricultural setting. Future implications of this study include being 
used as pilot data for a broader based study, which would include children, older adults, and 
females. For college age males, 25% unilateral load held in the hand produced noticeable 
changes. In settings such as working on a farm, the loads being moved are not governed by 
relative size but rather by an absolute measure (e.g., how much feed can be carried in a 5-
gallon bucket). Because load has the biggest effect on gait characteristics and that these 
loads in children might exceed the 25% limit investigated in this study, more work should be 
done to develop safe and effective strategies for this population. One would expect the 
effects found from the current study to be exacerbated in children, older adults, and females 
thus justifying future study of these populations. 
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CHAPTER 6. CONCLUSION 
This study has found that in upper extremity load carriage changes in load, symmetry, 
and bucket size tend to cause changes in step length, shoulder tilt, pelvic tilt, and trunk lean. 
Changes in load appear to have the largest effect on changes in gait characteristics and that 
these changes are generally evident as lateral postural adjustments used to bring the load 
closer to the body thus stabilizing the load and moving the center of mass of the carrier + 
load system over the base of support. These changes appear to be lessened by the use of a 
symmetrical distribution of the load suggesting that strategies such as this can be 
implemented to lessen the risk of injury when carrying a load. 
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APPENDIX A 
Pilot data were collected on 1 subject (male, 23yrs, 145lbs, 6ft). The subject 
performed 4 conditions (no weight, empty bucket, 10 lbs., and 25 lbs.) at the same preferred 
speed (.95 mis) on a Quinton Treadmill. The shoulder tilt angles for the 3-bucket conditions 
started at a greater tilt than the no weight condition. The no weight condition had a range of 
82-87 °. The empty bucket condition had a range of 92-96°. The ten-pound condition had a 
range of 91-95°. The 25 lb. condition had a range of 91-99°. All angle ranges for shoulder 
tilt were similar. (see Figure 22) All pelvic tilt angles were similar. (see Figure 23) Pelvic 
tilt angle ranges for all four conditions ranged from 86-92°. 
Shoulder lilt Angle for 2 Strides 
100 -"' Q) 95 -no weight Q) 
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C') - errpty Q) 
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80 
0 1 2 3 4 5 
Time (seconds) 
Figure 22. Shoulder tilt angle for 2 cycles. 
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Figure 23. Pelvic tilt angles for 2 cycles. 
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Upper trunk rotation angles had similar ranges. However, the 3-bucket conditions 
started with greater upper trunk rotation (range of 89-90°) than the no weight condition (83-
900). (see Figure 24) Pelvic rotation angles were all similar. The no weight condition had a 
lower range (86-95°). (see Figure 25) 
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For right arm swing (loaded arm) angles, from no weight to 25 lbs., each condition 
started at a greater angle. The greatest difference was between the no weight condition 
(range of 69-97°) and the 3-bucket conditions (range of 86-91 °). (See Figure 26) Left arm 
swing angles were similar. The total range for all four conditions of left arm swing angle 
was 68-102°. However, the empty bucket condition had a greater angle range. (See Figure 
27) All trunk lean angels were similar. The total range for angles of all four conditions was 
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Figure 27. Left arm swing angle for 2 cycles. 
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Step frequencies were similar (with a combined range of .93 to .975). There was a 
slight increase in step frequency from no weight to 25 lbs. condition. The no weight 
condition had a SF of .9311, empty bucket .9558, lOlbs .9600,and 25 lbs .. 9746. (See Figure 
29) 
Upper trunk rotation angular velocities were similar, as were pelvic rotation angular 
velocities. (See Figures 30 & 31) The total range of upper trunk rotation angular velocities 
was -39 to +40°/s. The total range of pelvic rotation angular velocities was -67 to +56°/s . 
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Figure 29. Step (cycle) frequency. 
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Figure 30. Upper trunk rotation angular velocities for 2 cycles. 
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Figure 31. Pelvic rotation angular velocities for 2 cycles. 
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For right arm swing angular velocity, the 3-bucket conditions were similar (combined 
range of-17 to +17°/s) and the no weight condition had the greatest range (-74 to +94°/s). 
(See Figure 32) The left arm angular velocities were similar, with the range from smallest to 
largest being no weight, 25 lbs., 10 lbs., and empty conditions. The combined range for the 
four conditions was -100 to +107 °/s. (See Figure 33) 
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Figure 33. Left arm swing angular velocities for 2 cycles. 
Step frequency increased with the 25 lbs. condition and left arm swing decreased to a 
near no weight value. Step length must be decreasing also, to account for these changes. 
These data suggest that the load is accommodated by upper trunk rotations, pelvic 
rotation, step frequency changes, and left arm swing changes. 
50 
REFERENCES 
Allread, W.G., Marras, W.S., & Parnianpour, M. (1996). Trunk kinematics of one-handed 
lifting, and the effects of asymmetry and load weight. Ergonomics, 39(2), 322-334. 
De Leva, P. (1996). Adjustments to Zatsiosky-Seluyanov's segment interia parameters. 
Journal of Biomechanics, 29(9), 1223-1230. 
De Vita, P., Hong, D., & Hamill, J.(1991). Effects of asymmetric load carrying on the 
biomechanics of walking. Journal of Biomechanics, 24(12), 1119-1129. 
Garg, B. (1986). Maximum acceptable weight and maximum voluntary strengths for 
asymmetrical lifting. Ergonomics, 29(7), 879-892. 
Gordon, M.J., Goslin, B.R., Graham, T., & Hoare, J. (1983). Comparison between load 
carriage and grade walking on a treadmill. Ergonomics, 26(3), 289-298. 
Kinoshita, H. (1985). Effects of different loads and carrying systems on selected 
biomechanical parameters describing walking gait. Ergonomics, 28, (9), 1347-1362. 
Kromodihardjo, S. & Mital, A. (1987). Biomechanical analysis of manual lifting task. 
Journal of Biomechanical Engineering, 109(2), 132-138. 
Marras, W.S., & Davis, K.G. (1998). Spine loading during asymmetric lifting using one 
versus two hands. Ergonomics, 41 (6), 817-834. 
Martin, P.E, FACSM, Royer, T.D., & Mattes, S.J. (1997). Effects of symmetrical and 
asymmetrical lower extremity inertia changes on walking economy. Medicine & Science in 
Sport & Exercise, 29(5), S86. 
Myers, J.R. (1997). National Institute for Occupational Safety and Health: Injuries among 
farm workers, 1993. Washington, D.C.: U.S. Department of Health and Human Services 
Myers, J.R. (1998). National Institute for Occupational Safety and Health: Injuries among 
farm workers, 1994. Washington, D.C.: U.S. Department of Health and Human Services 
Mital, A. (1983). Maximum frequencies acceptable to males for one handed horizontal lifting 
in the sagittal plane. Human Factors, 25(5), 563-571. 
National Institute for Occupational Safety and Health (1996). National Occupational 
Research Agenda. Washington, D.C.: U.S. Department of Health and Human Services. 
51 
National Institute for Occupational Safety and Health (1997). National Safety Council: 
Occupational Safety and Health Research needs for children and adolescents. Publication 
Number 97-143. Washington, D.C.: U.S. Department of Health and Human Services. 
Nottrodt, J.W., & Manely, P. (1989). Acceptable loads and locomotor patterns selected in 
different carriage methods. Ergonomics, 32(8), 945-957. 
Ogura, Y. (1982). A study on walking width, time, and speed in manual load carrying. 
Proceedings of the 8th Congress of the International Ergonomics Association. 266-267. 
Pascoe, D.D., Pascoe, D.E., Wang, Y.T., Shim, D.M., & Kim, C.K. (1997). Influence of 
carrying book bags on gait cycle and posture of youths. Ergonomics, 40( 6), 631-641. 
Pickett, W., Brison, R.J., Niezgoda, H., & Chipman, M.L. (1995). Nonfatal farm injuries in 
Ontario: A population-based survey. Accident, Analysis, & Prevention, 27(4), 425-433. 
Ross, W.D., Brown, S.R., Hebbelinck, M., & Falkner, R.A. (1978). Kinathropomerty 
terminology and landmarks. In R.J. Shepard & H. Lavalle (Eds.), Physical fitness 
assessments. (pp.44-50). Springfield, IL: Charles C. Thomas. 
Royer, T.D., Martin, P.E., FACSM, & Mattes, S.J. (1997). Perturbability of temporal 
symmetry of gait by symmetrical and asymmetrical lower extremity inertia changes. 
Medicine & Science in Sport & Exercise, 29(5), S 113. 
Snook, S.H. (1978). The design of manual handling tasks. Ergonomics. 21(12), 963-985. 
Straker, L.M., Stevenson, M.G., & Twomey, L.T. (1997). A comparison of risk assessment 
of single and combination manual handling tasks: 2. Discomfort, rating of perceived 
exertion, and heart rate measures. Ergonomics, 40 (6), 656-669. 
